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Edited by Francesc PosasAbstract Current progress highlights the role of the yeast cell
wall as a highly dynamic structure that responds to many envi-
ronmental stresses. Here, we show that hyperosmotic shock tran-
siently activates the PKC signaling pathway, a response that
requires previous activation of the HOG pathway. Phosphoryla-
tion of Slt2p under such conditions is related to changes in the
glycerol turnover and is mostly Mid2p dependent, suggesting
that changes in cell turgor, mediated by intracellular accumula-
tion of glycerol, are sensed by PKC sensors to promote the cell
integrity response. These observations, together with previous re-
sults, suggest that yeast cells respond to changes in cellular tur-
gor by remodeling their cell walls.
 2005 Published by Elsevier B.V. on behalf of the Federation of
European Biochemical Societies.
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Glycerol1. Introduction
In Saccharomyces cerevisiae, two MAP Kinase cascades are
required for proper adaptation following osmolarity changes
in the media: the high osmolarity glycerol (HOG) response
pathway [1] and the protein kinase C (PKC) pathway [2].
The HOG pathway is mainly involved in the adaptation of
yeast cells upon hyperosmotic shock [1]. Under such condi-
tions, the MAPKK, Pbs2p, is activated via two independent
mechanisms that lead to Hog1p (the MAPK) phosphorylation
[1,3]. Hog1p activation increases the intracellular glycerol con-
centration by stimulating de novo glycerol synthesis and by
reducing glycerol eﬄux [1]. These eﬀects are achieved by
increasing the expression of GPD1, which encodes a glycerol
3-phosphate dehydrogenase [4], and by decreasing glycerol ef-
ﬂux through Fps1p, a speciﬁc glycerol transport protein [5,6].
Although Fps1p is needed for both glycerol import and export,
Dfps1 mutants show phenotypes mainly related to their inabil-
ity to export glycerol [5,6].*Corresponding author. Fax: +34 923 224876.
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tions [7] and when cell wall formation is compromised [8]. Sig-
nal in this pathway travels through the PKC homologue,
Pkc1p, and a MAP Kinase cascade composed of Bck1p (MAP-
KKK), Mkk1/2p (MAPKKs), and the MAPK Slt2p [3]. Sev-
eral transmembrane proteins have been identiﬁed as
upstream activators of the PKC pathway. Wsc1p and Mid2p
are the more important and the best characterized [8,9]. These
two proteins play overlapping, but not identical functions in
response to cell wall stress [10,11]. Under cell wall-perturbing
conditions, Slt2p phosphorylation results in the induction of
several cell wall-related genes and concomitant changes in cell
wall architecture [12].
In addition to its role in osmoregulation, the HOG pathway
has been implicated in cell wall maintenance [13,14]. Therefore,
it is not surprising that interactions between both signal
transduction pathways have been reported at diﬀerent levels
[15–17]. The molecular mechanism underlying these intercon-
nections is not well understood, although several protein phos-
phatases have been shown to act in both signaling pathways [18].
Here, we report on another level of interaction between both
pathways. We show that, under hyperosmotic conditions, not
only is the HOG pathway activated, but the PKC pathway is
activated as well. Regulation of internal glycerol levels may
link the activation of both pathways under such conditions
and could help to explain the biological signiﬁcance of this
interconnection.2. Materials and methods
2.1. Strains, plasmids and general methods
The yeast genetic background used for most experiments was W303-
1A (MATa ade2-1 his3-11/15 leu2-3/112 trp1-1 ura3-1 canr1-100).
Dwsc1 and Dmid2 mutant strains were constructed using the respective
Dwsc1::KanX4 and Dmid2::KanX4 cassettes obtained from Euroscarf.
Dpbs2 mutant has been previously described [16]. Dfps1::LEU2 strain
and its corresponding M5 wild type (MATaleu2-3/112 trp1-92 ura3-
52) were kindly provided by Jose´ Ramos (Universidad de Co´rdoba)
[5]. The Dbck1::URA3 mutant was kindly provided by Francisco del
Rey.
Substitution of the endogenous GPD1 promoter by the GAL1-HA
promoter was achieved by using polymerase chain reaction (PCR)-
based insertion into the chromosomal locus of the endogenous pro-
moter as described [19]. Transformants were validated by PCR and
named GAL1-GPD1 through the text.
Yeast cells were grown in YEPD media (2% Bacto-peptone, 2% glu-
cose, 1% yeast extract) to which diﬀerent drugs were added at the indi-
cated concentrations. Induction of GPD1-HA expression was achieved
by transferring cells growing logarithmically in YEP (2% raﬁnose) to
YEP (2% galactose).ation of European Biochemical Societies.
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For determination of Slt2p phosphorylation, yeast cells were grown
in YEPD to mid-exponential phase (5 · 107 cells/ml) and resuspended
into YEPD supplemented with 1 M sorbitol. Cells were collected at the
indicated times by centrifugation at 4 C and immediately frozen on
dry ice for further processing.
Phosphorylation of Hog1p occurs rapidly after any type of stress,
including centrifugation. Therefore, for the analysis of Hog1p phos-
phorylation, aliquots of logarithmically growing cells (2–3 · 107 cells/
ml) were pooled into Eppendorf tubes, adapted for 1 h, and sorbitol
was added to a ﬁnal concentration of 1 M. Cells from each tube were
recovered at the indicated time after a brief (30 s) centrifugation and
immediately frozen in dry ice. Levels of Slt2p phosphorylation were
determined in the same samples (Fig. 1).
Calcoﬂuor treatment was performed by adding the drug to a ﬁnal
concentration of 100 lg/ml to a YEPD culture containing 2–3 · 107
cells/ml and cells were processed as above.
2.3. Preparation of cell extracts and immunoblot procedures
Activation of the PKC and HOG pathways was determined follow-
ing the phosphorylation state of Slt2p and Hog1p by Western blot
using anti-phospho-speciﬁc antibodies. Cells were collected at the indi-
cated times as described above and total protein extracts were obtained
in the presence of phosphatase and protease inhibitors as previously
described [20]. 100 lg of protein was loaded per lane into 10% SDS
gels. Western blots were performed as described [20], but 3% BSA
was used routinely as a blocking reagent in the detection of phosphor-
ylated proteins. Dually phosphorylated Hog1p and Mpk1p/Slt2p were
detected using phospho-speciﬁc anti-p38 MAPK or anti-p42/44
MAPK rabbit polyclonal antibodies (New England Biolabs, Beverly,
MA) at 1/500 and 1/2500 dilutions, respectively. When required, the to-
tal amount of Mpk1p/Slt2p and Hog1p proteins were determined using
anti-Slt2p and anti-Hog1p commercial polyclonal antibodies (Santa
Cruz Biotechnology, Santa Cruz, CA) at 1/5000 dilution. Tubulin lev-
els were determined using an anti a-tubulin monoclonal antibody (Sig-
ma, Saint Louis, MO) at 1/5000 dilution. Levels of Gpd1::3xHAp were
determined using polyclonal antibodies raised against HA (Roche
Diagnostics, Indianapolis, IN). Western blots were developed using
an anti-Mouse (tubulin) or an anti-Rabbit (all the rest) peroxidase-la-
beled antibodies, both at 1/5000 dilution (Bio-Rad Laboratories, Her-
cules, CA) and the ECL Kit (Amersham Bioscience, Arlington
Heights, IL).
For determination of relative amounts of Slt2p phosphorylation
densitometric analysis was performed using the Quantity One package
(Bio-Rad Laboratories, Hercules, CA). Data on each time point was
normalized against the total amount of Slt2p, and all data are referred
to Slt2p phosphorylation levels at 0 min time.Fig. 1. Time course of Hog1p and Slt2p phosphorylation after
hyperosmotic shock with 1 M sorbitol. Western blots were developed
using anti-phospho p38 (Hog1p) or anti phospho p42/44 (Slt2p)
antibodies. Last three panels show total amounts of Hog1p, Slt2p and
tubulin as loading controls which were obtained from the same
samples and determined as described in Section 2. Samples were
collected at the indicated times after addition of sorbitol to a ﬁnal
concentration of 1 M. W303 cells were collected and processed as
described in Section 2.3. Results
3.1. Slt2p phosphorylation is induced after hyperosmotic shock
Previous work in our laboratory showed that the HOG and
PKC routes interact in the construction of the yeast cell wall
[16].
In order to further investigate this relationship, we deter-
mined the activation of HOG and PKC pathways by sorbitol
and calcoﬂuor. We were unable to detect Hog1p phosphoryla-
tion after cell wall damage by calcoﬂuor in time points ranging
from 5 to 120 min (data not shown). Incubation of yeast cells
in 1 M sorbitol produces a very rapid phosphorylation of
Hog1p that is maintained during the ﬁrst 30 min after the os-
motic shock (Fig. 1). During this time, no Slt2p phosphoryla-
tion was detected, but a clear signal was observed between the
45 and 75 min interval (Fig. 1). Under the routine experimental
conditions used through the rest of the work, Slt2p phosphor-
ylation was detected at the 45 and 60 min points after hyperos-
motic shock; the signal disappeared after that (Fig. 2A).
Therefore, it can be concluded that hyperosmotic shock in-
duces a delayed and transient phosphorylation of Slt2p.
Slt2p phosphorylation after cell wall damage by calcoﬂuor
treatment follows a completely diﬀerent kinetic. It is induced
shortly after treatment, showing maximum levels after just
30 min. Phosphorylation is maintained for at least 60 addi-
tional minutes and later decreases slowly, being clearly detect-
able even 150 min after treatment (Fig. 2B).
Analysis of these results indicates that induction of the PKC
pathway by hyperosmotic shock is signiﬁcantly distinct to that
observed after the cell wall damage produced by calcoﬂuor
treatment.
3.2. Slt2p phosphorylation after osmotic upshift requires
functional PKC and HOG signaling pathways
At this point, it was not clear how hyperosmotic shock could
trigger PKC activation. Therefore, we tested sorbitol-induced
phosphorylation of Slt2p in diﬀerent mutants. Slt2p phosphor-
ylation was not detected in the Dpbs2 (Fig. 3A) or Dssk2/22Fig. 2. Comparative time courses of Slt2p phosphorylation. (A)
Kinetics of Slt2p phosphorylation after sorbitol shock or (B) after
calcoﬂuor treatment. W303 cells were collected at the indicated times
after resuspension in YEPD 1 M sorbitol or after the addition of
calcoﬂuor as described in Section 2. Notice the diﬀerent times collected
in both cases. Total Slt2p is shown in the lower panels.
Fig. 3. Sorbitol-induced Slt2p phosphorylation in diﬀerent PKC mutant strains. (A) Induction of Slt2p phosphorylation in Dpbs2 and Dbck1 strains.
A positive control of Slt2p phosphorylation has been included as a reference. (B) Slt2p phosphorylation in Dwsc1 and Dmid2 cells. Relative amounts
of Slt2p phosphorylation after densitometric analysis of Westerns blots is presented. Wild-type is used as control (Fig. 2A). Each data point is
normalized to total amount of Slt2p in the sample and the value of 0 min was used as reference.
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on a functional HOG signaling transduction pathway. This
suggests that a previous HOG activation is required for the de-
layed PKC response after hyperosmotic shock.
Fig. 3A shows that Slt2p phosphorylation by sorbitol does
not occur in the absence of Bck1p, thus signal travels through
this MAPKK kinase protein, pointing to PKC sensors as the
next step to study. Slt2p phosphorylation induced by sorbitol
is clearly detected in the Dwsc1 mutant with a time-course
apparently similar to that observed in the control strain
(Fig. 3B). By contrast, phosphorylation of Slt2p appears re-
duced in the Dmid2mutant (Fig. 3B). Analysis of the data after
quantitative densitometry (Fig. 3B) indicates that the amount
of Slt2p phosphorylation is modestly reduced in the Dwsc1mu-
tant, and severely reduced in the Dmid2 mutant.
Taken together, these results indicate that the HOG path-
way ﬁrst senses the increase in osmolarity, triggering intracel-
lular changes that activate the sensors of the PKC pathway,
which ﬁnally results in Slt2p phosphorylation.
3.3. Intracellular glycerol levels mediate PKC activation by
sorbitol
Amajor outcome in the activation of theHOGpathway is the
increased level of intracellular glycerol [1]. Glycerol accumula-
tion after hyperosmotic shock depends mainly on increased
amounts ofGpd1p [4] andon the downregulationofFps1p func-
tion [5,6], suggesting that an increase in the intracellular glycerol
concentration couldmediate the onset of PKCactivation by sor-
bitol. Therefore, the kinetics of Slt2p phosphorylationwere ana-
lyzed in strains with altered glycerol accumulation.
Slt2p phosphorylation is clearly induced upon overexpres-
sion of GPD1 under the GAL1 promoter (Fig. 4A), even in
the absence of external hyperosmotic stress. In addition, Slt2p
phosphorylation remained very high in the Dfps1 mutant, even90 min after treatment (Fig. 4B), indicating that PKC activa-
tion in this strain is not transient as in the wild type.
These results suggest that intracellular glycerol level links the
HOG and PKC signaling responses after hyperosmotic shock.4. Discussion
Previous work in our lab suggested that the PKC and HOG
pathways work in opposition in the construction of yeast cell
walls [16]. This interaction has been later conﬁrmed by inde-
pendent studies [15,21], although the molecular mechanisms
involved are still unknown.
We report here that Slt2p is phosphorylated after hyperos-
motic shock. Sorbitol-induced Slt2p phosphorylation is signif-
icantly delayed (compared to that of Hog1p) and is transient.
In addition, it is also delayed and more transient compared to
Slt2p phosphorylation induced by calcoﬂuor (Fig. 2B) or
caﬀeine [11]. Our results indicate that sorbitol-induced Slt2p
phosphorylation is fully dependent on a functional HOG
signaling pathway, but also on Bck1p. Interestingly, this
process depends only partially on Gpd1p, probably because
Dgpd1 still accumulates glycerol after hyperosmotic shock
[4]. It mostly depends on Mid2p function (Fig. 3B), a result
that suggests that PKC signaling depends on sensing the eﬀect
of HOG activation, explaining the delayed response observed.
The results presented in Fig. 3B support a model in which
HOG-dependent eﬀects are mostly sensed by the Mid2p
sensor, leaving a discrete role for Wsc1p in the process. Such
a diﬀerence is not unexpected since Mid2p and Wsc1p have
only partially redundant functions [10,11,22]. Consistent with
this proposal, Dmid2 Dfps1 or Dwsc1 Dfps1 double mutants
are not lethal in contrast to Dslt2Dfps1 (see below for further
discussion).
Fig. 4. Slt2p phosphorylation in diﬀerent mutants. (A) Kinetics of Slt2p phosphorylation in the indicated strain after cells transfer to galactose
medium. Quantitative analysis is presented in the right part of the ﬁgure. The lower panel shows Gpd1::3xHA levels. (B) Slt2p phosphorylation in the
Dfps1 mutant after hyperosmotic shock and comparative analysis of the induction against wild-type.
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ing the intracellular levels of glycerol [1]. Considering that
the PKC sensors, like Mid2p and Wsc1p, exert their function
by sensing membrane stresses [23], it would not be surprising
that the changes in the intracellular levels of glycerol after
hyperosmotic shock could have a dramatic eﬀect on PKC acti-
vation. This appears to be the case, since a sudden increase in
the expression of GPD1 induces Slt2p phosphorylation
(Fig. 4A). However, cells eventually would adapt their intracel-
lular glycerol levels by regulating its eﬄux through Fps1p. This
could explain why Slt2p phosphorylation is transient after os-
motic shock (Figs. 1,2) but Slt2p phosphorylation is main-
tained in Dfps1 cells (Fig. 4B,C).
In this scenario, PKC-dependent cell wall remodeling could
act as a safeguard mechanism against osmotic unbalance,
which could be produced if the HOG response is not properly
regulated. In favor of this hypothesis, it has been shown that
Dfps1 is synthetically lethal with Dslt2, and Dknr4 [24]. Appar-
ently, the incapacity for glycerol release requires cell wall-re-
lated responses which can not be fulﬁlled in the cited mutants.
Interestingly, the biological relationship between intracellu-
lar glycerol and PKC activation could also explain the
HOG-dependent increase on intracellular glycerol levels after
calcoﬂuor treatment [16]. Cell wall damage would trigger glyc-
erol increase as a positive reinforcement for PKC activation.
According to this hypothesis Dpbs2 mutants showed reduced
levels of Slt2p phosphorylation after calcoﬂuor or caﬀeine
treatments (data not shown).
In conclusion, our results highlight a new aspect on the func-
tional relationship between PKC and HOG responses through
the intracellular glycerol concentrations, without excluding amore direct role for the HOG pathway in the construction of
yeast cell walls, as previously proposed.
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